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Gold  aggregates  with  particle  size  of  a  few  nanometers  have  been  fabricated  on  the  anodized  titania 
nanotube  arrays  and  flat  surfaces  by  a  two-step  process  which  involves  nickel  electroless  deposition  fol¬ 
lowed  by  spontaneous  galvanic  displacement  of  Ni  by  Au  from  its  chloro-complex  solution.  The  structure, 
morphology  and  composition  of  the  fabricated  catalysts  have  been  characterized  using  scanning  electron 
microscopy  and  energy  dispersive  X-ray  analysis.  The  catalytic  activities  of  the  nanostructured  Au(Ni) 
catalysts  preformed  on  the  Ti02  nanotube  arrays  and  flat  surfaces  have  been  investigated  towards  borohy¬ 
dride  oxidation  in  an  alkaline  medium  by  cyclic  voltammetry  and  chrono-techniques.  The  nanostructured 
Au(Ni)  catalysts  on  the  titania  nanotube  arrays  and  flat  surfaces  exhibit  enhanced  electrochemical  activ¬ 
ity  and  stability  towards  oxidation  of  BH4_  ions  in  an  alkaline  medium  as  compared  to  that  of  bulk  Au. 
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1.  Introduction 

Fuel  cells  allow  direct  conversion  of  chemical  energy  to  elec¬ 
tric  energy.  One  type  of  the  fuel  cell,  a  direct  borohydride  fuel  cell 
(DBFC),  has  recently  been  investigated  as  a  potential  candidate  for 
portable  and  mobile  applications  due  to  its  high  energy  density  and 
the  ease  with  which  borohydride  can  be  stored  and  transported 
[1-4].  The  DBFC  is  based  on  borohydride  oxidation: 

BH4-  +  80H-^  B02“  +  6H20  +  8e_,  E°  =  -1.24V  (1) 

and  oxygen  reduction: 

202  +4H20  +  8e_  -+  80H",  E°  =  0.40  V  (2) 

The  overall  reaction: 

BH4-  +  202^  B02-+2H20,  E°  =  1.64V  (3) 

Since  borohydride  is  used  as  fuel,  the  development  of  low-cost, 
stable  and  highly  active  electrocatalysts  towards  borohydride  oxi¬ 
dation  is  of  considerable  interest.  It  is  well  known  that  gold  is  an 
effective  electrocatalyst  for  the  oxidation  of  BH4_  ions  [5-10],  how¬ 
ever,  the  use  of  a  noble  metal  as  an  electrode  material  is  limited 
by  its  high  price.  One  of  the  ways  to  reduce  amount  of  Au  is  to 
disperse  small  Au  particles  (in  order  of  a  few  nanometers)  on  a 
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technologically  relevant  substrate.  A  variety  of  nanostructured  con¬ 
ducting  materials  like  mesoporous  carbon,  carbon  nanotubes  and 
nanofibers  were  used  as  supports  for  Au  catalysts  to  minimize  the 
use  of  the  precious  metal. 

This  work  is  focused  on  the  study  of  self-ordered  titania  nan¬ 
otube  arrayed  (denoted  as  Ti02-NTs)  and  flat  (denoted  as  Ti02-flat) 
surfaces  as  a  support  for  loading  of  gold  particles  with  the  aim 
to  fabricate  a  highly  efficient  nano-Au(Ni)/Ti02-NTs  and  nano- 
Au(Ni)/Ti02-flat  electrocatalysts  for  the  oxidation  of  BH4-  ions  in 
an  alkaline  medium.  Anodized  titania  nanotube  arrays  and  flat  sur¬ 
faces  as  a  substrate  for  the  fabrication  of  catalysts  were  applied 
here  due  to  their  easy  preparation,  high  orientation,  large  surface 
area,  high  uniformity,  non-toxicity,  chemical  and  electrochemical 
stability  and  low  production  costs,  which  makes  them  valuable 
functional  materials  in  many  areas  [11-17].  Self-ordered  titania 
nanotubed  surfaces  are  an  ideal  choice  of  supporting  materials 
for  high  performance  catalysts.  Au  nanoparticles  dispersed  over  a 
self-organized  nanotubular  Ti02  matrix  have  been  used  as  a  highly 
efficient  catalyst  system  for  the  electrochemical  oxygen  reduction 
in  aqueous  solutions  [18],  electrochemical  oxidation  of  glucose 
[19,20],  water-gas  shift  reaction  [21],  degradation  of  dyes  [22,23], 
CO  oxidation  [24-27]  and  others.  The  Au-modified  Ti02  nanotube 
arrays  also  provide  excellent  matrices  for  the  immobilization  of 
bio  molecules  in  enzyme-attached  electrode  fabrication  [13-15] 
or  for  the  fabrication  of  H202  biosensors  [16,17].  Ponce-de-Leon 
et  al.  [28]  applied  the  Ti02  nanotubes  as  a  support  for  a  gold-based 
electrocatalyst  for  borohydride  oxidation.  A  variety  of  methods 
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are  used  for  the  metal  nanoparticles  loading  onto  the  Ti02-NTs 
surface.  One  possibility  is  that  Au/Ti02-NTs  electrodes  are  pre¬ 
pared  by  a  two-step  process  of  anodization  of  titanium  followed 
by  cathodic  electrodeposition  of  gold  on  resulted  Ti02  [19,29],  by 
ion-exchange  adsorption  followed  by  chemical  reduction  [28],  by 
an  argon  plasma  technique  [16,17].  Another  way  for  fabricating 
electrodes  is  focused  on  the  deposition-precipitation  methods  that 
were  used  to  load  nanoparticles  of  different  metals  on  the  surface 
of  mesoporous  titanate  nanotubes  produced  by  alkali  hydrother¬ 
mal  treatment  of  Ti02  [30-33].  These  methods  are  either  complex 
and  complicated  or  high-priced.  So,  less  complicated  and  simpler 
methods  for  the  fabrication  of  catalyst  are  desirable. 

In  this  work  we  have  successfully  fabricated  adherent  gold- 
coated  nickel  films,  Au(Ni),  with  particle  size  of  a  few  nanometers 
on  anodized  titania  nanotube  arrayed  and  flat  surfaces  by  a 
two-step  process  which  involves  nickel  electroless  deposition  fol¬ 
lowed  by  spontaneous  galvanic  displacement  of  Ni  by  Au  from  its 
chloro-complex  solution.  This  simple  procedure  is  based  on  an  elec¬ 
trochemical  process,  during  which  the  deposition  of  a  noble  metal 
occurs  by  the  oxidation  of  a  precursor  metal  adlayer  deposited  on 
the  substrate  at  the  open-circuit  potential  [34-40].  In  this  study, 
the  spontaneous  oxidation  of  a  Ni  adlayer  by  AuCl4-  ions  has  been 
used  to  produce  Au  particles  on  the  self-ordered  titania  nanotubes 
arrayed  and  flat  surfaces.  The  electrocatalytic  activity  of  the  pre¬ 
pared  catalysts  was  examined  towards  borohydride  oxidation  by 
cyclic  voltammetry  (CV),  chronoamperometry  (CA)  and  chronopo- 
tentiometry  (CP).  The  structure,  morphology  and  composition  of 
the  fabricated  catalysts  were  characterized  using  scanning  electron 
microscopy  (SEM)  and  energy  dispersive  X-ray  (EDAX)  analysis. 

2.  Experimental  details 

2.1.  Chemicals 

Titanium  foil  (99.7%  purity  of  0.127  mm  thickness),  NaBH4  and 
HAuC14  were  purchased  from  Sigma-Aldrich  Supply.  H2S04  (96%), 
NH4F  (97%),  NaOH  (98.8%),  ethanol  and  acetone  were  purchased 
from  Chempur  Company.  All  chemicals  were  of  analytical  grade. 
Deionized  water  was  used  to  prepare  all  the  solutions. 

2.2.  Fabrication  of  catalysts 

The  self-ordered  Ti02  nanotube  arrays  in  this  study  were  pre¬ 
pared  by  anodic  oxidation  of  Ti  foil  surface  [41].  Briefly,  prior  to 
anodization,  titanium  sheets  (1  cm  x  1  cm)  were  degreased  with 
ethanol,  rinsed  with  deionised  water  and  dried  in  an  Ar  stream. 
Titanium  sheets  were  anodized  in  a  0.24 M  H2S04  solution  with 
0.5  wt.%  NH4F  at  a  constant  potential  of  20  V  at  room  temperature 
for  1  h.  Two  sheets  of  Pt  were  used  as  counter  electrodes. 

For  comparison,  flat  Ti02  electrodes  were  also  grown  as  refer¬ 
ence  samples  by  anodizing  Ti  in  (fluoride  free)  0.24  M  H2S04  at  20  V 
for  10  min. 

To  deposit  the  Au(Ni)  catalyst  on  the  Ti02  nanotube  arrayed  and 
flat  surfaces,  at  first,  a  thin  layer  of  electroless  Ni  was  deposited 
on  them  by  the  following  procedures:  (a)  activation  of  the  Ti02 
nanotube  arrayed  and  flat  surfaces  in  a  0.5  gl-1  PdCl2  solution 
for  60s;  (b)  subsequent  rinsing  of  the  activated  surfaces  with 
deionized  water;  (c)  followed  by  the  immersion  of  the  activated 
samples  into  an  electroless  nickel  bath  for  60s.  The  electroless 
plating  bath  consists  of  0.1  M  nickel  sulfate,  0.4  M  glycine,  0.25  M 
sodium  hyphophosphite  and  0.1  M  disodium  malonate.  The  bath 
operated  at  pH  9  and  a  temperature  of  85  ±  2  °C.  Then  the  prepared 
Ni/Ti02-NTs  and  Ni/Ti02-flat  electrodes  were  immersed  in  a  1  mM 
HAuC14  solution  (pH  1 .8)  at  room  temperature  for  60  s.  The  surface- 
to-volume  ratio  was  1.3  dm2!-1.  After  plating,  the  samples  were 


taken  out,  thoroughly  rinsed  with  deionized  water  and  air  dried 
at  room  temperature.  Then,  the  prepared  catalysts  were  used  for 
borohydride  electro-oxidation  measurements  without  any  further 
treatment. 

2.3.  Characterization  of  catalysts 

The  surface  morphology  and  composition  of  the  samples  were 
characterized  using  a  Scanning  Electron  Microscope  EVO-50  EP 
(Carl  Zeiss  SMT  AG,  Germany)  with  Energy  Dispersive  and  Wave 
dispersion  X-ray  Spectrometers  (Oxford,  UK).  Metal  loading  was 
estimated  using  STRATAGEM  software  and  EDS  K-ratios  for  Ni,  P,  Ti 
and  O  I<  alpha  lines  and  Au  L  alpha  lines. 

2.4.  Electrochemical  measurements 

A  conventional  three-electrode  electrochemical  cell  was  used 
for  electrochemical  measurements.  The  nano-Au(Ni)/Ti02-NTs, 
nano-Au(Ni)/Ti02-flat,  Ni/Ti02-NTs,  Ti02-NTs  catalysts  with  a  geo¬ 
metric  area  of  2  cm2  were  employed  as  working  electrodes,  an 
Ag/AgCl/KCl  electrode  was  used  as  a  reference  electrode  and  a  Pt 
sheet  located  in  a  separate  glass-fritted  compartment  was  used  as 
a  counter  electrode.  The  electroactive  surface  area  of  the  counter 
electrode  calculated  from  the  hydrogen  adsorption  was  7  cm2.  An 
Au-sputtered  quartz  crystal  with  a  geometric  area  of  0.636  cm2  was 
used  as  a  bulk  gold  electrode.  Cyclic  voltammetry,  chronoamper¬ 
ometry  and  chronopotentiometry  experiments  were  made  with  a 
Metrohm  Autolab  potentiostat  (PGSTAT100)  using  Electrochemi¬ 
cal  Software  (Nova  1.6.013).  The  presented  current  densities  are 
normalized  with  respect  to  the  geometric  area  of  catalysts. 

3.  Results  and  discussion 

3.1.  Physical  characterization 

Self-ordered  Ti02  nanotube  arrays  (Fig.  la)  in  this  study  were 
prepared  by  anodic  oxidation  of  Ti  surface  in  an  aqueous  sulfu¬ 
ric  acid  solution  containing  NH4F.  The  average  tube  diameter  was 
about  lOOnm  and  the  thickness  of  titania  layers  was  ~350nm. 
The  electroless  Ni-P  layer  with  the  thickness  of  about  300  nm  was 
deposited  on  the  titania  nanotube  surface,  which  produces  a  layer 
of  granular  nickel  particles  about  200 nm  in  size,  as  Fig.  lb  tes¬ 
tifies.  It  is  clearly  seen,  that  immersion  of  Ni/Ti02-NTs  electrode 
into  the  gold-containing  solution  results  in  the  formation  of  numer¬ 
ous  gold  particles  on  the  Ni  surface.  The  Au  aggregates  appear  as 
bright  spots  and  a  statistical  analysis  of  the  observed  granules  indi¬ 
cated  they  had  an  average  diameter  of  about  10-30nm  for  1  min 
Ni/Ti02-NTs  electrode  immersion  in  the  gold-containing  solution. 
They  are  quite  uniform  in  size  and  well  separated.  Fig.  lc  and  d 
shows  SEM  micrographs  of  the  Ti02-flat  and  nano-Au(Ni)/Ti02-flat 
electrodes,  respectively.  The  Au  particles  in  size  of  10-30  nm  were 
also  detected. 

The  presence  of  Au  and  Ni  was  confirmed  by  Energy  dispersive 
X-ray  analysis.  According  to  the  data  of  EDAX  analysis  presented  in 
Table  1  a  significant  quantity  of  deposited  nickel  and  a  much  lower 
amount  of  Au  on  both  catalysts  surfaces  were  detected,  further¬ 
more,  lower  amounts  of  both  Ni  and  Au  were  deposited  on  the  flat 
Ti02  surface. 

Also  the  Au  loading  in  the  fabricated  catalysts  was  esti¬ 
mated  using  STRATAGEM  software  and  EDS  K-ratios  for  Ni,  P, 
Ti  and  O  K  alpha  lines  and  Au  L  alpha  lines.  It  has  been  deter¬ 
mined  that  after  sonication  of  Ni/Ti02-flat  and  Ni/Ti02-NTs  in  a 
gold-containing  solution  for  1  min,  the  nano-Au(Ni)/Ti02-flat  and 
nano-Au(Ni)/Ti02-NTs  catalysts  contained  the  Au  loadings  of  1.28 
and  3.07  pugAucm-2,  respectively. 
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Fig.  1.  SEM  images  of  Ti02-NTs  (a),  Au(Ni)/Ti02-NTs  (b),  Ti02-flat  (c)  and  Au(Ni)/Ti02-flat  (d). 


3.2.  Electrochemical  catalyst  surface  characterization 

The  electroactive  area  of  gold  surface  created  on  fabricated 
catalysts  was  determined  from  the  cyclic  voltammograms  of  nano- 
Au/Ti02-NTs,  nano-Au/Ti02-flat  and  Au  electrodes  recorded  in  a 
deaerated  0.5  M  H2S04  solution  at  a  sweep  rate  of  lOOmVs-1 
(Fig.  2).  The  CV  profiles  of  the  nano-Au/Ti02-NTs  and  nano-Au/Ti02- 
flat  catalysts  show  the  usual  characteristics  of  Au  since  Ni-P  is 
electrochemically  leached.  The  gold  electroactive  surface  areas 
(ESAs)  in  the  catalysts  were  calculated  by  the  charge  associated 
with  the  Au  surface  oxide  stripping  peak  (400  p,Ccnrr2)  [42].  The 
calculated  ESAs  values  for  nano-Au/Ti02-NTs,  nano-Au/Ti02-flat 
and  bare  Au  are  3.1,  2.3  and  1.6  cm2,  respectively.  It  should  be 
noticed  that  the  ESAs  of  catalysts  prepared  by  galvanic  displace¬ 
ment  of  Ni  layer  by  gold  particles  are  ca.  two-fold  higher  than  that 
of  bulk  Au. 

3.3.  Cyclic  voltammetry  oxidation  of  horohydride 

Fig.  3  presents  cyclic  voltammograms  for  the  oxidation  of  BEI4- 
ions  at  Ti02-NTs  in  1  M  NaOEI  ( dotted  line )  and  0.05  M  NaBFLi  + 1  M 
NaOEI  ( solid  line )  solutions  at  25  °C  with  a  sweep  rate  of  1 0  mV  s-1 . 
Fig.  4  shows  the  CVs  for  the  oxidation  of  BEL*-  ions  at  a  bare  Au 


Table  1 

The  content  of  elements  onto  the  surface  of  the  nano-Au(Ni)/Ti02-NTs  (a)  and  nano- 
Au(Ni)/Ti02-flat  (b)  catalysts  obtained  by  EDAX  analysis.  The  (a)  and  (b)  catalysts 
were  fabricated  by  the  immersion  of  the  Ti02-NTs  and  Ti02-flat  surfaces  into  the 
nickel  bath  operated  at  85  °C  for  60  s  followed  by  their  immersion  in  1  mM  HAuC14 
at  pH  1.8  for  60s. 


Catalysts 

Elements,  at.% 

Au 

Ni 

P 

O 

Ti 

(a) 

0.76 

65.53 

9.44 

4.77 

19.53 

(b) 

0.52 

32.70 

3.98 

8.65 

54.15 

( dotted  line )  and  Ni/Ti02-NTs  ( dash-dotted  line )  in  0.05  M  NaBH4 
and  1  M  NaOH  at  25  °C  with  a  sweep  rate  of  10mVs-1.The  cur¬ 
rent  densities  are  calculated  with  respect  to  the  geometric  area  of 
catalysts.  As  evident  from  Fig.  3  ( dotted  line ),  the  current  densities 
observed  on  the  Ti02-NTs  electrode  are  negligible  in  the  support¬ 
ing  electrolyte,  while  in  the  borohydride  solution  anodic  peaks  are 
seen  in  the  CV  with  current  densities  of  about  0.01  mAcnrr2.  In 
the  case  of  the  Ni/Ti02-NT  electrode,  during  the  positive-potential 
scan  in  the  borohydride  solution  anodic  peak  A0  appears  at  more 
negative  potential  values  at  ca.  -0.8  V  and  it  is  attributed  to  H2  oxi¬ 
dation  generated  by  the  catalytic  hydrolysis  of  BFI4-  as  described 


0.0  0.4  0.8  1.2 

Electrode  potential  /  V  vs.  Ag/AgCl 


Fig.  2.  CVs  of  bare  Au  (dotted  line),  Au(Ni)/Ti02-NTs  (solid  line)  and  Au(Ni)/Ti02-flat 
(dashed  line)  in  0.5  M  H2S04  at  a  sweep  rate  of  lOOrnVs-1. 


88 


L.  Tamasauskaite-Tamasiunaite  et  al.  /  Journal  of  Power  Sources  202  (2012)  85-91 


Fig.  3.  CVs  of  Ti02-NTs  in  0.05  M  NaBH4  + 1  M  NaOH  (solid  line)  and  in  1  M  NaOH 
(dotted  line)  at  25  °C  with  a  sweep  rate  of  10mVs-1. 


Fig.  4.  CVs  of  bare  Au  (dotted  line)  and  Ni/Ti02-NTs  (dash-dotted)  in  0.05  M 
NaBH4  + 1  M  NaOH  at  25  °C  with  a  sweep  rate  of  10mVs_1. 


in  [43-46]  (borohydride  oxidation  releases  molecular  hydrogen) 
(Fig.  4,  dash-dotted  line).  During  the  subsequent  anodic  scans  no 
anodic  peaks  were  observed  on  this  catalyst.  It  may  be  proposed 
that  the  Ni-P  layer  deposited  on  the  titania  nanotube  arrayed  sur¬ 
face  does  not  catalyze  the  direct  BH4_  ions  oxidation  at  higher 
potentials  due  to  a  passivation  caused  nickel  (hydr)oxide(s)  for¬ 
mation  [47,48]  or,  maybe,  the  surface  of  catalyst  is  poisoned  by 
strongly  adsorbed  intermediates  generated  during  the  BH4_  ion 
oxidation  [7]. 

In  the  case  of  bare  Au,  in  the  positive  potential  scan  a  broad 
anodic  peak  A  is  observed  at  a  potential  of  -0.4  V  (Fig.  4,  dotted 
line).  This  oxidation  peak  is  attributed  to  the  direct  oxidation  of 
BIT4_  ions  according  to  Eq.  (1)  [5-7].  Furthermore,  a  wide  oxida¬ 
tion  wave  that  extends  up  to  0.4  V  corresponds  to  the  oxidation  of 
reaction  intermediates  on  the  partially  oxidized  Au  surface  [7].  In 
the  reverse  scan,  a  sharp  peak  B  is  observed  at  ca.  0.2  V  followed  by 
a  plateau  in  the  potential  region  from  0.0  to  -0.6  V.  This  peak  cor¬ 
responds  to  the  oxidation  of  adsorbed  species  such  as  BH3OI-r  or 
other  borohydrides  formed  as  an  intermediate  during  the  oxidation 
of  the  BH4_  ion  in  the  forward  scan  [6,7]. 

Fig.  5  shows  CV  plots  vs.  the  geometric  area  for  the  nano- 
Au(Ni)  catalyst  deposited  on  both  Ti02-NTs  (a)  and  Ti02-flat  (b) 
surfaces.  In  contrast  to  borohydride  oxidation  on  the  bare  Au  elec¬ 
trode,  in  the  CVs  two  well-separated  anodic  peaks  A0  and  A  are 
observed  (Fig.  5a, b).  Since  gold  is  not  catalytically  active  for  boro¬ 
hydride  hydrolysis  [7,43],  it  may  be  suggested  that  electrocatalytic 
activity  of  nano-Au(Ni)/Ti02-NTs  and  nano-Au(Ni)/Ti02-flat  cata¬ 
lysts  at  low  overpotentials  (peak  A0)  related  with  H2  oxidation 
is  due  to  enhancement  of  Ni  catalytic  activity  by  the  presence  of 
Au  nanogranules.  Since  pure  Ti02-NTs  and  Ni/Ti02-NTs  electrodes 
do  not  show  electroactivity  towards  the  direct  electrooxidation 
of  BFI4_  ions,  the  observed  prominent  anodic  currents  under  the 
potential  region  of  -0.6  and  0.4  V  can  be  ascribed  to  the  electro- 
catalytic  activity  of  the  Au  particles  deposited  on  the  Ni/Ti02-NTs 
and  Ni/Ti02-flat  electrodes.  Noteworthy  that  the  current  densities 
of  peak  A  for  the  first  anodic  scans  on  the  nano-Au(Ni)  catalysts 
deposited  on  both  titania  nanotubes  and  flat  surfaces  are  ca.  two¬ 
fold  higher  as  compared  to  that  of  bulk  Au  electrode  (Fig.  4,  dotted 
line).  This  result  may  be  attributed  to  a  larger  specific  surface  area 
of  the  fabricated  nano-Au(Ni)/Ti02-NTs  and  nano-Au(Ni)/Ti02-flat 
electrodes.  The  potential  values  of  anodic  peaks  A  on  both  catalysts 
are  shifted  to  positive  potential  values  for  nano-Au(Ni)/Ti02-NTs 
catalyst  by  0.2  V  (Fig.  5a)  and  for  nano-Au(Ni)/Ti02-flat  by  0.5  V 
(Fig.  5b)  as  compared  to  those  of  bulk  Au  (Fig.  4,  dotted  line).  When 
comparing  the  oxidation  of  BH4_  ions  on  the  nano-Au(Ni)  cata¬ 
lysts  deposited  on  the  both  titania  surfaces  (Fig.  5),  it  is  seen  that 


Electrode  potential  /  V  vs.  Ag/AgCl 

Fig.  5.  Long-term  CVs  of  Au(Ni)/Ti02-NTs  (a)  and  Au(Ni)/Ti02-flat  (b)  in  0.05  M  NaBH4  + 1  M  NaOH  at  25  °C  with  a  sweep  rate  of  10  mV s_1 . 
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Fig.  6.  Positive-potential  going  CVs  of  bare  Au  (dotted  line),  Au(Ni)/Ti02-NTs  (solid 
line)  and  Au(Ni)/Ti02-flat  (dashed  line)  in  0.05  M  NaBH4  + 1  M  NaOH  at  25  °C  with  a 
sweep  rate  of  1 0  mV  s_1 . 


anodic  peak  A  at  nano-Au(Ni)/Ti02-NTs  is  observed  at  more  neg¬ 
ative  potential  values  than  that  at  nano-Au(Ni)/Ti02-flat.  In  the 
reverse  scan,  a  sharp  peak  is  also  observed  on  these  catalysts  at 
about  0.2  V  (peak  B)  much  as  it  is  on  bare  gold. 

Fig.  6  presents  the  comparison  of  the  borohydride  oxidation  cur¬ 
rents  after  normalization  to  the  active  surface  area  at  these  catalysts 
described  above.  Considering  that  the  active  surface  areas  of  nano- 
Au(Ni)/Ti02-flat  and  nano-Au(Ni)/Ti02-NTs  are  ca.  1.4-1.9-fold 
higher  compared  to  Au,  the  surface  area  normalized  borohydride 
oxidation  current  densities  are  5.5-4.3  times  higher  on  these  cat¬ 
alysts  as  compared  to  Au.  When  comparing  the  current  densities 
normalized  vs.  ESA  for  the  Au(Ni)  catalysts  deposited  on  both  the 
titania  nanotube  arrayed  and  flat  surfaces,  the  active  surface  area  of 
nano-Au(Ni)/Ti02-NTs  is  ca.  1 .3-fold  higher  in  comparison  to  nano- 
Au(Ni)/Ti02-flat,  the  surface  area  normalized  BH4~  ions  oxidation 
current  densities  are  ca.  1.3  times  higher  on  the  nano-Au(Ni)/Ti02- 
flat. 

The  stability  of  the  catalyst  performance  was  also  investigated. 
Long-term  potential  cycling  for  Au  between  -0.8  and  0.6  V  (Fig.  4, 
dotted  line )  and  for  nano-Au(Ni)/Ti02-NTs  and  nano-Au(Ni)/Ti02- 
flat  between  ca.  -1.1  and  0.6  V  (Fig.  5a, b)  was  performed  for  7 
cycles.  It  is  seen  that  the  current  densities  of  BFI4-  ions  oxidation 
(peak  A)  on  the  bare  gold  electrode  with  respect  to  the  geomet¬ 
ric  area  are  decreasing  in  the  subsequent  scan  cycles.  This  can 
probably  be  due  to  the  formation  of  intermediates  adsorbed  on 
the  electrode  in  the  electrocatalytic  process,  so  the  poisoned  sur¬ 
face  of  the  electrode  diminished  the  electrocatalytic  activity  of 
the  bare  gold  electrode  [7].  The  continuous  cyclic  voltammetric 
curves  of  BFLr  ion  oxidation  at  the  both  nano-Au(Ni)/Ti02-NTs  and 
nano-Au(Ni)/Ti02-flat  catalysts  (Fig.  5)  show  increased  catalytic 
properties  in  contrast  to  that  of  the  gold  electrode. 

The  electrical  charge  for  the  oxidation  of  BFI4-  ions  at  bare  Au, 
nano-Au(Ni)/Ti02-NTs  and  nano-Au(Ni)/Ti02-flat  electrodes  with 
respect  to  the  active  surface  areas  under  long-term  cycling  con¬ 
ditions  are  summarized  in  Fig.  7.  The  charge  was  calculated  by 
integrating  the  current  vs.  time  under  the  potential  region  of  about 
-0.6  and  0.37  V  according  to  the  data  for  bare  Au  (Fig.  4,  dotted 
line )  and  nano-Au(Ni)  catalysts  deposited  on  both  the  Ti02-NTs  and 
Ti02-flat  surfaces  (Fig.  5).  It  is  clearly  seen  from  Fig.  7,  that  the  corre¬ 
sponded  charge  for  the  oxidation  of  BH4~  ions  after  normalization 
to  the  active  surface  area  measured  on  the  nano-Au(Ni)/Ti02- 
NTs  and  nano-Au(Ni)/Ti02-flat  catalysts  increases  with  subsequent 


Fig.  7.  Charge  values  calculated  from  the  CVs  for  bare  Au  (Fig.  4),  Au(Ni)/Ti02-NTs 
(Fig.  5a)  and  Au(Ni)/Ti02 -flat  (Fig.  5b)  vs.  the  number  of  cycles  in  0.05  M  NaBH4  + 1  M 
NaOH  at  25  °C  with  a  sweep  rate  of  lOrnVs-1. 


cycling  as  compared  to  that  of  bulk  Au.  Additionally,  a  higher 
corresponding  charge  for  borohydride  oxidation  is  observed  on 
the  nano-Au(Ni)  catalyst  deposited  on  the  Ti02  nanotube  arrayed 
surface  than  the  one  deposited  on  the  flat  Ti02  surface.  Conceiv¬ 
ably,  the  hierarchical  structure  of  Ti02  nanotube  arrays  might 
offer  a  better  accessibility  to  the  active  Au  particles  located  at  the 
rim  and  inside  the  nanotubes.  The  BEL*-  ion  oxidation  peaks  are 
increasing  in  the  subsequent  scan  cycles,  indicating  the  absence  of 
any  significant  catalyst  losses.  According  to  the  obtained  results 
it  may  be  supposed  that  the  nano-Au(Ni)/Ti02-NTs  and  nano- 
Au(Ni)/Ti02-flat  catalysts  exhibit  a  higher  electrocatalytic  activity 
for  the  oxidation  of  BH4_  ions  and  are  less  sensitive  to  the  poisoning 
effect  of  strongly  adsorbed  species. 

3.4.  Chronoamperometry  and  chronopotentiometry  in  an 
alkaline  borohydride  solution 

A  high  electroactivity  of  nano-Au(Ni)  catalysts  deposited  on 
both  titania  surfaces  for  the  oxidation  of  BH4_  ions  can  be  further 
observed  from  chronoamperometric  and  chronopotentiometric 
measurements.  Fig.  8  compares  chronoamperometry  data  with 
respect  to  the  geometric  area  of  catalysts  for  borohydride  oxidation 
on  the  nano-Au(Ni)/Ti02-NTs,  nano-Au(Ni)/Ti02-fiat,  Ni/Ti02-NTs, 
Ni/Ti02-flat  and  Au  catalysts  in  0.05  M  NaBFl4  and  1M  NaOFI 
at  25  °C.  Following  a  rest  period  of  10  s  at  open  circuit,  the 
electrode  potential  was  stepped  to  -0.3  V  for  120  s.  The  nano- 
Au(Ni)/Ti02-NTs,  nano-Au(Ni)/Ti02-fiat  and  Au  catalysts  show  a 
current  decay  for  the  oxidation  of  BH4_  ions.  At  the  end  of  exper¬ 
imental  period  ( t=  130  s),  the  current  densities  of  the  nano-Au(Ni) 
catalyst  deposited  on  the  titania  nanotube  arrayed  surface  are 
about  two-fold  higher  than  that  on  the  flat  titania  surface  and  ca. 
20-fold  higher  than  that  at  bare  Au.  Also  ca.  ten-fold  higher  cur¬ 
rent  densities  are  observed  at  the  nano-Au(Ni)/Ti02-flat  catalyst  as 
compared  to  that  at  Au.  Assuming  ca.  two-fold  higher  active  surface 
areas  of  nano-Au(Ni)/Ti02-NTs  and  nano-Au(Ni)/Ti02-flat  com¬ 
pared  to  bulk  Au,  the  surface  area  normalized  BH4_  ion  oxidation 
currents  are  ca.  10.9  and  7.6  times  higher  on  those  catalysts.  The 
nano-Au(Ni)/Ti02-NTs  and  nano-Au(Ni)/Ti02-flat  catalysts  have  a 
higher  catalytic  activity  and  a  better  stability  for  the  oxidation  of 
borohydride  than  bare  Au.  This  result  is  in  agreement  with  the 
results  of  cyclic  voltammetry  curves. 
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Fig.  8.  Chronoamperometry  curves  of  the  Au(Ni)/Ti02-NTs  (solid  line),  Au(Ni)/Ti02- 
flat  (dashed  line),  Ni/Ti02-NTs  (dash-dotted),  Ni/Ti02-flat  (dash-dot-dotted  line)  and 
Au  (dotted  line)  catalysts  in  0.05  M  NaBH4  + 1  M  NaOH  at  25  °C.  The  potential  was 
held  at  open  circuit  for  10  s,  then  set  to  -0.3  V  for  2  min. 

The  current  densities  of  about  0.2-0.4mAcm-2  obtained  on 
both  the  Ni/Ti02-flat  and  Ni/Ti02-NTs  catalysts  under  investigated 
chronoamperometric  conditions  suggest  that  latter  catalysts  are 
not  active  for  the  oxidation  of  borohydride. 

Chronopotentiometric  measurements  of  oxidation  of  BH4_ 
ions  were  also  carried  out  on  the  nano-Au(Ni)/Ti02-NTs,  nano- 
Au(Ni)/Ti02-flat,  Ni/Ti02-NTs,  Ni/Ti02-flat  and  Au  catalysts. 
Following  a  rest  period  of  10  s  at  open  circuit,  a  current  den¬ 
sity  step  of  10  mA  cm-2  vs.  the  geometric  area  of  catalysts  was 
applied  to  the  investigated  catalysts  for  120  s  exposed  to  a  0.05  M 
NaBH4  solution  in  1  M  NaOH  at  25  °C.  Fig.  9  shows  anode  poten¬ 
tials  (including  open-circuit  values  between  -1.16  and  -0.54  V)  for 
the  catalysts  operating  at  current  density  of  10  mA cm-2.  Notably, 
the  open-circuit  potential  of  composite  Au-Ni  catalysts  are  mainly 
determined  by  Ni-catalyzed  borohydride  oxidation  in  reaction  with 
water  to  borate  as  found  from  the  most  negative  OCP  values  for 
Au-free  catalysts.  The  presence  of  Au  particles  on  the  Ni  film  only 
slightly  shifts  the  OCP  to  more  positive  values,  which  are,  how¬ 
ever,  still  ca.  0.6  V  more  negative  compared  to  Au  electrode.  After 
120  s  the  operating  potentials  for  nano-Au(Ni)/Ti02-flat  and  nano- 
Au(Ni)/Ti02-NTs  are  up  to  about  0.262  and  0.268  V  more  negative 


Fig.  9.  Chronopotentiometry  curves  of  the  Au(Ni)/Ti02-NTs  (solid  line), 
Au(Ni)/Ti02-flat  (dashed  line),  Ni/Ti02-NTs  (dash-dotted),  Ni/Ti02-flat  (dash- 
dot-dotted  line)  and  Au  (dotted  line)  catalysts  in  0.05  M  NaBH4  + 1  M  NaOH  at  25  °C. 
The  current  step  was  from  0  to  10  mAcirr2. 


as  compared  to  Au,  which  demonstrates  that  the  overpotentials  for 
the  oxidation  of  BH4_  ions  on  the  latter  catalysts  are  lower  than  that 
of  Au.  It  is  worth  mentioning  that  the  operation  potentials  attained 
during  borohydride  oxidation  at  a  current  density  of  10  mA  cm-2 
over  composite  Au-Ni  catalysts  exhibit  nearly  complete  additiv¬ 
ity  of  the  values  reached  on  Au-free  Ni  and  that  for  Au  electrode. 
Furthermore,  the  operation  potential  of  the  composite  catalysts  is 
comparable  to  the  OCP  value  of  the  Au  electrode,  whereas  the  oper¬ 
ation  potential  of  the  latter  is  nearly  0.3  V  more  positive,  compared 
to  Au-Ni  catalysts.  Therefore,  the  nano-Au(Ni)/Ti02-NTs  and  nano- 
Au(Ni)/Ti02-flat  catalysts  may  have  higher  direct  electrooxidation 
activities  and  power  output  than  those  on  Au  catalyst.  The  nanos- 
tructured  Au  catalyst  may  exhibit  a  higher  activity,  compared  to 
the  extended  Au  electrode,  due  to  a  great  number  of  defect  sites 
and  undercoordinated  surface  atoms  as  well  as  the  Au-Ni  support 
interactions. 

More  negative  overpotentials  values  of  about  0.634  and  0.659  V 
are  observed  on  the  Ni/Ti02-flat  and  Ni/Ti02-NTs  catalysts,  respec¬ 
tively,  as  compared  to  gold.  Assuming  that  these  two  catalysts  do 
not  show  activity  towards  direct  oxidation  of  BH4-  ions,  it  may  be 
suggested  that  the  catalysts  operated  at  10  mA  cm-2  initiate  only 
hydrolysis  of  BH4_  ions,  which  occurs  with  evolution  of  H2  followed 
by  its  oxidation  at  a  lower  potentials  of  -0.8  V. 

The  voltammetric  performance,  chronoamperometry  and 
chronopotentiometry  studies  confirm  that  the  deposited  Au(Ni) 
catalysts  with  particle  size  of  a  few  nanometers  on  the  self-ordered 
titania  nanotube  arrayed  and  flat  surfaces  exhibit  a  high  electrocat- 
alytic  activity  towards  oxidation  of  BH4-  ions.  The  Ti02  nanotube 
arrayed  and  flat  surfaces  apparently  allow  us  to  form  the  nanos- 
tructured  Au(Ni)/Ti02-NTs  and  Au(Ni)/Ti02-flat  catalysts  with  a 
significantly  larger  surface  area,  and,  hence,  achieve  higher  oxi¬ 
dation  rates  in  borohydride  fuel  cells  as  compared  to  the  bulk  Au 
electrode.  The  self-ordered  titania  nanotube  arrays  and  flat  surfaces 
are  a  promising  support  for  fuel  cell  catalysts. 

4.  Conclusions 

Gold  aggregates  with  particle  size  of  a  few  nanometers  have 
been  deposited  on  the  anodized  titania  nanotube  arrays  and  flat 
surfaces  by  a  two-step  process  which  involves  nickel  electroless 
deposition  followed  by  spontaneous  galvanic  displacement  of  Ni 
by  Au  from  its  chloro-complex  solution.  The  structure,  morphology, 
composition  and  electrocatalytic  performance  of  the  fabricated  cat¬ 
alysts  were  investigated  by  scanning  electron  microscopy,  cyclic 
voltammetry,  chronoamperometry  and  chronopotentiometry. 

It  has  been  determined  that  the  nano-Au(Ni)/Ti02-flat  and 
nano-Au(Ni)/Ti02-NTs  catalysts  with  the  Au  loadings  of  1.28  and 
3.07  figAucm-2,  respectively,  exhibit  an  enhanced  electrochem¬ 
ical  activity  and  stability  towards  oxidation  of  BH4-  ions  in  an 
alkaline  medium  as  compared  to  that  of  bulk  Au.  The  electro- 
catalytic  properties  of  the  investigated  nano-Au(Ni)/Ti02-NTs  and 
nano-Au(Ni)/Ti02-flat  catalysts  increased  with  the  number  of  scan 
cycles. 

The  chronoamperometry  and  chronopotentiometry  studies  also 
confirmed  a  higher  catalytic  activity  of  the  nano-Au(Ni)/Ti02-NTs 
and  nano-Au(Ni)/Ti02-flat  catalysts  for  the  oxidation  of  BH4-  ions 
as  compared  with  that  of  bulk  Au. 

The  self-ordered  titania  nanotube  arrays  and  flat  surfaces  seem 
to  be  a  promising  support  for  fuel  cell  catalysts. 
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